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METHOD FOR CONTROLLING ION
ENERGY DISTRIBUTION

PRIORITY

The present application is a continuation of U.S. applica-
tion Ser. No. 12/870,837, filed Aug. 29, 2010 entitled: SysTeMm,
METHOD, AND APPARATUS FOR CONTROLLING JON ENERGY DISTRIBU-
TION, which is a continuation-in-part of application Ser. No.
12/767,775 filed Apr. 26, 2010 entitled: METHOD AND
APPARATUS FOR CONTROLLING ION ENERGY DIS-
TRIBUTION, which is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to plasma process-
ing. In particular, but not by way of limitation, the present
invention relates to methods and apparatuses for plasma-
assisted etching and/or deposition.

BACKGROUND OF THE INVENTION

Many types of semiconductor devices are fabricated using
plasma-based etching techniques. If it is a conductor that is
etched, a negative voltage with respect to ground may be
applied to the conductive substrate so as to create a substan-
tially uniform negative voltage across the surface of the sub-
strate conductor, which attracts positively charged ions
toward the conductor, and as a consequence, the positive ions
that impact the conductor have substantially the same energy.

If the substrate is a dielectric, however, a non-varying
voltage is ineffective to place a voltage across the surface of
the substrate. Butan AC voltage (e.g., high frequency) may be
applied to the conductive plate (or chuck) so that the AC field
induces a voltage on the surface of the substrate. During the
positive half of the AC cycle, the substrate attracts electrons,
which are light relative to the mass of the positive ions; thus
many electrons will be attracted to the surface of the substrate
during the positive part of the cycle. As a consequence, the
surface of the substrate will be charged negatively, which
causes ions to be attracted toward the negatively-charged
surface. And when the ions impact the surface of the sub-
strate, the impact dislodges material from the surface of the
substrate—eftectuating the etching.

In many instances, it is desirable to have a narrow ion
energy distribution, but applying a sinusoidal waveform to
the substrate induces a broad distribution of ion energies,
which limits the ability of the plasma process to carry out a
desired etch profile. Known techniques to achieve a narrow
ion energy distribution are expensive, inefficient, difficult to
control, and may adversely affect the plasma density. As a
consequence, these known techniques have not been com-
mercially adopted. Accordingly, a system and method are
needed to address the shortfalls of present technology and to
provide other new and innovative features.

SUMMARY OF THE INVENTION

Tlustrative embodiments of the present invention that are
shown in the drawings are summarized below. These and
other embodiments are more fully described in the Detailed
Description section. Itis to be understood, however, that there
is no intention to limit the invention to the forms described in
this Summary of the Invention or in the Detailed Description.
One skilled in the art can recognize that there are numerous
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modifications, equivalents, and alternative constructions that
fall within the spirit and scope ofthe invention as expressed in
the claims.

According to one aspect, the invention may be character-
ized as a method for plasma-based processing. The method
includes placing a substrate in a substrate support of a plasma
chamber and forming a plasma in the plasma chamber. In
addition, a periodic voltage function is generated at a surface
the substrate that includes a positive pulse peak followed by a
constant negative voltage that results in a monoenergetic dis-
tribution of ion energy at the surface of the substrate. The
periodic voltage function at the surface the substrate is gen-
erated by producing a DC voltage with a DC voltage source
and coupling the DC voltage to the substrate support to apply
a positive voltage pulse peak to the substrate support that
effectuates the positive pulse peak at the surface of the sub-
strate. The DC voltage is then decoupled from the substrate
support and a ground potential is coupled to the substrate
support after the DC voltage is decoupled from the substrate
support. The application of the ground potential effectuates a
drop in a voltage of the substrate support to a first-lower-level,
and then the ground potential is decoupled from the substrate
support while maintaining the DC voltage decoupled from
the substrate support. While the ground potential and the DC
voltage are decoupled from the substrate support, a compen-
sation current is provided to the substrate with a current
source that is separate from the DC voltage source to ramp
down the voltage of the substrate support from the first-
negative-lower-level to a second-negative-lower-level. The
ramp down of the voltage at the substrate support effectuates
the constant negative voltage at the surface of the substrate,
and the constant negative voltage at the surface of the sub-
strate effectuates a monoenergetic distribution of ion energy
at the surface of the substrate.

According to another aspect, the invention may be
described as a method for plasma-based processing that
includes controllably switching power to the substrate so as to
apply a periodic voltage function to the substrate and modu-
lating, over multiple cycles of the periodic voltage function,
the periodic voltage function responsive to a desired ion
energy distribution at the surface of the substrate so as to
effectuate the desired ion energy distribution on a time-aver-
aged basis.

According to yet another aspect, the invention may be
characterized as a method for plasma-based processing that
includes placing a substrate in a substrate support of a plasma
chamber; forming a plasma in the plasma chamber; and pro-
ducing a positive DC voltage with a DC power supply. The
method also includes connecting, by closing a first switch, the
positive DC voltage to the substrate support to effectuate a
positive pulse peak at the surface of the substrate and then
disconnecting the positive DC voltage from the substrate
support. A ground potential is then connected to the substrate
support, wherein the application of the ground potential to the
substrate support effectuates a negative voltage at a surface of
the substrate that prompts ion current of positive ions in the
plasma toward the surface of the substrate. The ground poten-
tial is then disconnected from the substrate support and both
the first and second switches are maintained open for a period
of'time t. A compensation current is provided to the substrate
support to create a ramp down of the voltage of the substrate
support during the period of time t, wherein the ramp down of
the voltage at the substrate support to compensate for a ten-
dency of the ion current to change the voltage at the surface of
the substrate in order to maintain the negative voltage at the
surface of the substrate at a constant negative voltage. The
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constant negative voltage at the surface of the substrate effec-
tuates a monoenergetic distribution of ion energy at the sur-
face of the substrate.

These and other aspects are described in further detail
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Various objects and advantages and a more complete
understanding of the present invention are apparent and more
readily appreciated by reference to the following Detailed
Description and to the appended claims when taken in con-
junction with the accompanying Drawings where like or simi-
lar elements are designated with identical reference numerals
throughout the several views and wherein:

FIG. 1 illustrates a block diagram of a plasma processing
system in accordance with one implementation of the present
invention;

FIG. 2 is a block diagram depicting an exemplary embodi-
ment of the switch-mode power system depicted in FIG. 1;

FIG. 3 is a schematic representation of components that
may be utilized to realize the switch-mode bias supply
described with reference to FIG. 2;

FIG. 4 is a timing diagram depicting two drive signal
waveforms;

FIG. 5 is a graphical representation of a single mode of
operating the switch mode bias supply, which effectuates an
ion energy distribution that is concentrated at a particular ion
energy;

FIG. 6 are graphs depicting a bi-modal mode of operation
in which two separate peaks in ion energy distribution are
generated;

FIGS. 7A and 7B are is are graphs depicting actual, direct
ion energy measurements made in a plasma;

FIG. 8 is a block diagram depicting another embodiment of
the present invention;

FIG. 9A is a graph depicting an exemplary periodic voltage
function that is modulated by a sinusoidal modulating func-
tion;

FIG. 9B is an exploded view of a portion of the periodic
voltage function that is depicted in FIG. 9A;

FIG. 9C depicts the resulting distribution of ion energies,
on time-averaged basis, that results from the sinusoidal
modulation of the periodic voltage function;

FIG. 9D depicts actual, direct, ion energy measurements
made in a plasma of a resultant, time averaged, IEDF when a
periodic voltage function is modulated by a sinusoidal modu-
lating function;

FIG. 10A depicts a periodic voltage function is modulated
by a sawtooth modulating function;

FIG. 10B is an exploded view of a portion of the periodic
voltage function that is depicted in FIG. 10A;

FIG. 10C is a graph depicting the resulting distribution of
ion energies, on a time averaged basis, that results from the
sinusoidal modulation of the periodic voltage function in
FIGS. 10A and 10B;

FIG. 11 are graphs showing IEDF functions in the right
column and associated modulating functions in the left col-
umn;

FIG. 12 is a block diagram depicting an embodiment in
which an ion current compensation component compensates
for ion current in a plasma chamber;

FIG. 13 is a diagram depicting an exemplary ion current
compensation component;

FIG. 14 is a graph depicting an exemplary voltage at node
Vo depicted in FIG. 13;
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FIGS. 15A-15C are voltage waveforms as appearing at the
surface of the substrate or wafer responsive to compensation
current;

FIG. 16 is an exemplary embodiment of a current source,
which may be implemented to realize the current source
described with reference to FIG. 13;

FIGS. 17A and 17B are block diagrams depicting other
embodiments of the present invention;

FIG. 18 is a block diagram depicting yet another embodi-
ment of the present invention;

FIG. 19 is a block diagram depicting still another embodi-
ment of the present invention; and

FIG. 20 is a block diagram input parameters and control
outputs that may be utilized in connection with the embodi-
ments described with reference to FIGS. 1-19.

DETAILED DESCRIPTION

An exemplary embodiment of a plasma processing system
is shown generally in FIG. 1. As depicted, a plasma power
supply 102 is coupled to a plasma processing chamber 104
and a switch-mode power supply 106 is coupled to a support
108 upon which a substrate 110 rests within the chamber 104.
Also shown is a controller 112 that is coupled to the switch-
mode power supply 106.

In this exemplary embodiment, the plasma processing
chamber 104 may be realized by chambers of substantially
conventional construction (e.g., including a vacuum enclo-
sure which is evacuated by a pump or pumps (not shown)).
And, as one of ordinary skill in the art will appreciate, the
plasma excitation in the chamber 104 may be by any one of a
variety of sources including, for example, a helicon type
plasma source, which includes magnetic coil and antenna to
ignite and sustain a plasma 114 in the reactor, and a gas inlet
may be provided for introduction of a gas into the chamber
104.

As depicted, the exemplary plasma chamber 104 is
arranged and configured to carry out plasma-assisted etching
of materials utilizing energetic ion bombardment of the sub-
strate 110. The plasma power supply 102 in this embodiment
is configured to apply power (e.g., RF power) via a matching
network (not shown)) at one or more frequencies (e.g., 13.56
MHz) to the chamber 104 so as to ignite and sustain the
plasma 114. It should be understood that the present invention
is not limited to any particular type of plasma power supply
102 or source to couple power to the chamber 104, and that a
variety of frequencies and power levels may be may be
capacitively or inductively coupled to the plasma 114.

As depicted, a dielectric substrate 110 to be treated (e.g., a
semiconductor wafer), is supported at least in part by a sup-
port 108 that may include a portion of a conventional wafer
chuck (e.g., for semiconductor wafer processing). The sup-
port 108 may be formed to have an insulating layer between
the support 108 and the substrate 110 with the substrate 110
being capacitively coupled to the platforms but may float at a
different voltage than the support 108.

As discussed above, if the substrate 110 and support 108
are conductors, itis possible to apply a non-varying voltage to
the support 108, and as a consequence of electric conduction
through the substrate 110, the voltage that is applied to the
support 108 is also applied to the surface of the substrate 110.

When the substrate 110 is a dielectric, however, the appli-
cation of a non-varying voltage to the support 108 is ineffec-
tive to place a voltage across the treated surface of the sub-
strate 110. As a consequence, the exemplary switch-mode
power supply 106 is configured to be controlled so as to
effectuate a voltage on the surface of the substrate 110 that is
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capable of attracting ions in the plasma 114 to collide with the
substrate 110 so as to carry out a controlled etching and/or
deposition of the substrate 110.

Moreover, as discussed further herein, embodiments of the
switch-mode power supply 106 are configured to operate so
that there is an insubstantial interaction between the power
applied (to the plasma 114) by the plasma power supply 102
and the power that is applied to the substrate 110 by the
switch-mode power supply 106. The power applied by the
switch-mode power supply 106, for example, is controllable
so as to enable control of ion energy without substantially
affecting the density of the plasma 114.

Furthermore, many embodiments of the exemplary switch-
mode supply 106 depicted in FIG. 1 are realized by relatively
inexpensive components that may be controlled by relatively
simple control algorithms. And as compared to prior art
approaches, many embodiments of the switch mode power
supply 106 are much more efficient; thus reducing energy
costs and expensive materials that are associated with remov-
ing excess thermal energy.

One known technique for applying a voltage to a dielectric
substrate utilizes a high-power linear amplifier in connection
with complicated control schemes to apply power to a sub-
strate support, which induces a voltage at the surface of the
substrate. This technique, however, has not been adopted by
commercial entities because it has not proven to be cost
effective nor sufficiently manageable. In particular, the linear
amplifier that is utilized is typically large, very expensive,
inefficient, and difficult to control. Furthermore, linear ampli-
fiers intrinsically require AC coupling (e.g., a blocking
capacitor) and auxiliary functions like chucking are achieved
with a parallel feed circuit which harms AC spectrum purity
of the system for sources with a chuck.

Another technique that has been considered is to apply
high frequency power (e.g., with one or more linear amplifi-
ers) to the substrate. This technique, however, has been found
to adversely affect the plasma density because the high fre-
quency power that is applied to the substrate affects the
plasma density.

In some embodiments, the switch-mode power supply 106
depicted in FIG. 1 may be realized by buck, boost, and/or
buck-boost type power technologies. In these embodiments,
the switch-mode power supply 106 may be controlled to
apply varying levels of pulsed power to induce a potential on
the surface of the substrate 110.

In other embodiments, the switch-mode power supply 106
is realized by other more sophisticated switch mode power
and control technologies. Referring next to FIG. 2, for
example, the switch-mode power supply described with ref-
erence to FIG. 1 is realized by a switch-mode bias supply 206
that is utilized to apply power to the substrate 110 to effectu-
ate one or more desired energies of the ions that bombard the
substrate 110. Also shown are an ion energy control compo-
nent 220, an arc detection component 222, and a controller
212 that is coupled to both the switch-mode bias supply 206
and a waveform memory 224.

The illustrated arrangement of these components is logical;
thus the components can be combined or further separated in
an actual implementation, and the components can be con-
nected in a variety of ways without changing the basic opera-
tion of the system. In some embodiments for example, the
controller 212, which may be realized by hardware, software,
firmware, or a combination thereof, may be utilized to control
both the power supply 202 and switch-mode bias supply 206.
In alternative embodiments, however, the power supply 202
and the switch-mode bias supply 206 are realized by com-
pletely separated functional units. By way of further example,
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the controller 212, waveform memory 224, ion energy control
portion 220 and the switch-mode bias supply 206 may be
integrated into a single component (e.g., residing in a com-
mon housing) or may be distributed among discrete compo-
nents.

The switch-mode bias supply 206 in this embodiment is
generally configured to apply a voltage to the support 208 in
a controllable manner so as to effectuate a desired distribution
of the energies of ions bombarding the surface of the sub-
strate. More specifically, the switch-mode bias supply 206 is
configured to effectuate the desired distribution of ion ener-
gies by applying one or more particular waveforms at particu-
lar power levels to the substrate. And more particularly,
responsive to an input from the ion energy control portion
220, the switch-mode bias supply 206 applies particular
power levels to effectuate particular ion energies, and applies
the particular power levels using one or more voltage wave-
forms defined by waveform data in the waveform memory
224. As a consequence, one or more particular ion bombard-
ment energies may be selected with the ion control portion to
carry out controlled etching of the substrate.

As depicted, the switch-mode power supply 206 includes
switch components 226', 226" (e.g., high power field effect
transistors) that are adapted to switch power to the support
208 of the substrate 210 responsive to drive signals from
corresponding drive components 228', 228". And the drive
signals 230', 230" that are generated by the drive components
228', 228" are controlled by the controller 212 based upon
timing that is defined by the content of the waveform memory
224. For example, the controller 212 in many embodiments is
adapted to interpret the content of the waveform memory and
generate drive-control signals 232', 232", which are utilized
by the drive components 228', 228" to control the drive sig-
nals 230", 230" to the switching components 226', 226".
Although two switch components 226', 226", which may be
arranged in a half-bridge configuration, are depicted for
exemplary purposes, itis certainly contemplated that fewer or
additional switch components may be implemented in a vari-
ety of architectures (e.g., an H-bridge configuration).

In many modes of operation, the controller 212 (e.g., using
the waveform data) modulates the timing of the drive-control
signals 232', 232" to effectuate a desired waveform at the
support 208 of the substrate 210. In addition, the switch mode
bias supply 206 is adapted to supply power to the substrate
210 based upon an ion-energy control signal 234, which may
be a DC signal or a time-varying waveform. Thus, the present
embodiment enables control of ion distribution energies by
controlling timing signals to the switching components and
controlling the power (controlled by the ion-energy control
component 220) that is applied by the switching components
226', 226".

In addition, the controller 212 in this embodiment is con-
figured, responsive to an arc in the plasma chamber 204 being
detected by the arc detection component 222, to carry out arc
management functions. In some embodiments, when an arc is
detected the controller 212 alters the drive-control signals
232', 232" so that the waveform applied at the output 236 of
the switch mode bias supply 206 extinguishes arcs in the
plasma 214. In other embodiments, the controller 212 extin-
guishes arcs by simply interrupting the application of drive-
control signals 232', 232" so that the application of power at
the output 236 of the switch-mode bias supply 206 is inter-
rupted.

Referring next to FIG. 3, itis a schematic representation of
components that may be utilized to realize the switch-mode
bias supply 206 described with reference to FIG. 2. As shown,
the switching components T1 and T2 in this embodiment are
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arranged in a half-bridge (also referred to as or totem pole)
type topology. Collectively, R2, R3, C1, and C2 represent a
plasma load, and C3 is an optional physical capacitor to
prevent DC current from the voltage induced on the surface of
the substrate or from the voltage of an electrostatic chuck (not
shown) from flowing through the circuit. As depicted, L1 is
stray inductance (e.g., the natural inductance of the conductor
that feeds the power to the load). And in this embodiment,
there are three inputs: Vbus, V2, and V4.

V2 and V4 represent drive signals (e.g., the drive signals
230", 230"output by the drive components 228', 228"
described with reference to FIG. 2), and in this embodiment,
V2 and V4 can be timed (e.g., the length of the pulses and/or
the mutual delay) so that the closure of T1 and T2 may be
modulated to control the shape of the voltage output at Vout,
which is applied to the substrate support. In many implemen-
tations, the transistors used to realize the switching compo-
nents T1 and T2 are not ideal switches, so to arrive at a desired
waveform, the transistor-specific characteristics are taken
into consideration. In many modes of operation, simply
changing the timing of V2 and V4 enables a desired waveform
to be applied at Vout.

For example, the switches T1, T2 may be operated so that
the voltage at the surface of the substrate 110, 210 is generally
negative with periodic voltage pulses approaching and/or
slightly exceeding a positive voltage reference. The value of
the voltage at the surface of the substrate 110, 210 is what
defines the energy of the ions, which may be characterized in
terms of an ion energy distribution function (IEDF). To effec-
tuate desired voltage(s) at the surface of the substrate 110,
210, the pulses at Vout may be generally rectangular and have
a width that is long enough to induce a brief positive voltage
at the surface of the substrate 110, 210 so as to attract enough
electrons to the surface of the substrate 110, 210 in order to
achieve the desired voltage(s) and corresponding ion ener-
gies.

Vbus in this embodiment defines the amplitude of the
pulses applied to Vout, which defines the voltage at the sur-
face of the substrate, and as a consequence, the ion energy.
Referring briefly again to FIG. 2, Vbus may be coupled to the
ion energy control portion, which may be realized by a DC
power supply that is adapted to apply a DC signal or a time-
varying waveform to Vbus.

The pulse width, pulse shape, and/or mutual delay of the
two signals V2, V4 may be modulated to arrive at a desired
waveform at Vout, and the voltage applied to Vbus may affect
the characteristics of the pulses. In other words, the voltage
Vbus may affect the pulse width, pulse shape and/or the
relative phase of the signals V2, V4. Referring briefly to FIG.
4, for example, shown is a timing diagram depicting two drive
signal waveforms that may be applied to T1 and T2 (as V2 and
V4) so as to generate the period voltage function at Vout as
depicted in FIG. 4. To modulate the shape ofthe pulses at Vout
(e.g. to achieve the smallest time for the pulse at Vout, yet
reach a peak value of the pulses) the timing of the two gate
drive signals V2, V4 may be controlled.

For example, the two gate drive signals V2, V4 may be
applied to the switching components T1, T2 so the time that
each of the pulses is applied at Vout may be short compared to
the time T between pulses, but long enough to induce a
positive voltage at the surface of the substrate 110, 210 to
attract electrons to the surface of the substrate 110, 210.
Moreover, it has been found that by changing the gate voltage
level between the pulses, it is possible to control the slope of
the voltage that is applied to Vout between the pulses (e.g., to
achieve a substantially constant voltage at the surface of the
substrate between pulses). In some modes of operation, the

20

25

40

45

55

8

repetition rate of the gate pulses is about 400 kHz, but this rate
may certainly vary from application to application.

Although not required, in practice, based upon modeling
and refining upon actual implementation, waveforms that
may be used to generate the desired ion energy distributions
may be defined, and the waveforms can be stored (e.g., in the
waveform memory portion described with reference to FIG. 1
as a sequence of voltage levels). In addition, in many imple-
mentations, the waveforms can be generated directly (e.g.,
without feedback from Vout); thus avoiding the undesirable
aspects of a feedback control system (e.g., settling time).

Referring again to FIG. 3, Vbus can be modulated to con-
trol the energy of the ions, and the stored waveforms may be
used to control the gate drive signals V2, V4 to achieve a
desired pulse amplitude at Vout while minimizing the pulse
width. Again, this is done in accordance with the particular
characteristics of the transistors, which may be modeled or
implemented and empirically established. Referring to FIG.
5, for example, shown are graphs depicting Vbus versus time,
voltage at the surface of the substrate 110, 210 versus time,
and the corresponding ion energy distribution.

The graphs in FIG. 5 depict a single mode of operating the
switch mode bias supply 106, 206, which effectuates an ion
energy distribution that is concentrated at a particular ion
energy. As depicted, to effectuate the single concentration of
ion energies in this example, the voltage applied at Vbus is
maintained constant while the voltages applied to V2 and V4
are controlled (e.g., using the drive signals depicted in FIG. 3)
s0 as to generate pulses at the output of the switch-mode bias
supply 106, 206, which effectuates the corresponding ion
energy distribution shown in FIG. 5.

As depicted in FIG. 5, the potential at the surface of the
substrate 110, 210 is generally negative to attract the ions that
bombard and etch the surface of the substrate 110, 210. The
periodic short pulses that are applied to the substrate 110, 210
(by applying pulses to Vout) have a magnitude defined by the
potential that is applied to Vbus, and these pulses cause a brief
change in the potential of the substrate 110, 210 (e.g., close to
positive or slightly positive potential), which attracts elec-
trons to the surface of the substrate to achieve the generally
negative potential along the surface of the substrate 110, 210.
As depicted in FIG. 5, the constant voltage applied to Vbus
effectuates a single concentration of ion flux at particular ion
energy; thus a particular ion bombardment energy may be
selected by simply setting Vbus to a particular potential. In
other modes of operation, two or more separate concentra-
tions of ion energies may be created.

Referring next to FIG. 6, for example, shown are graphs
depicting a bi-modal mode of operation in which two separate
peaks in ion energy distribution are generated. As shown, in
this mode of operation, the substrate experiences two distinct
levels of voltages and periodic pulses, and as a consequence,
two separate concentrations of ion energies are created. As
depicted, to effectuate the two distinct ion energy concentra-
tions, the voltage that is applied at Vbus alternates between
two levels, and each level defines the energy level of the two
ion energy concentrations.

Although FIG. 6 depicts the two voltages at the substrate
110, 210 as alternating after every pulse, this is certainly not
required. In other modes of operation for example, the volt-
ages applied to V2 and V4 are switched (e.g., using the drive
signals depicted in FIG. 3) relative to the voltage applied to
Vout so that the induced voltage at surface of the substrate
alternates from a first voltage to a second voltage (and vice
versa) after two or more pulses.

In prior art techniques, attempts have been made to apply
the combination of two waveforms (generated by waveform
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generators) to a linear amplifier and apply the amplified com-
bination of the two waveforms to the substrate in order to
effectuate multiple ion energies. This approach, however, is
much more complex then the approach described with refer-
enceto FIG. 6, and requires an expensive linear amplifier, and
waveform generators.

Referring next to FIGS. 7A and 7B, shown are graphs
depicting actual, direct ion energy measurements made in a
plasma corresponding to monoenergetic and dual-level regu-
lation of the DC voltage applied to Vbus, respectively. As
depicted in FIG. 7A, the ion energy distribution is concen-
trated around 80 eV responsive to a non-varying application
of'avoltage to Vbus (e.g., as depicted in FIG. 5). And in FIG.
7B, two separate concentrations of ion energies are present at
around 85 eV and 115 eV responsive to a dual-level regula-
tion of Vbus (e.g., as depicted in FIG. 6).

Referring next to FIG. 8, shown is a block diagram depict-
ing another embodiment of the present invention. As
depicted, a switch-mode power supply 806 is coupled to a
controller 812, an ion-energy control component 820, and a
substrate support 808 via an arc detection component 822.
The controller 812, switch-mode supply 806, and ion energy
control component 820 collectively operate to apply power to
the substrate support 808 so as to effectuate, on a time-aver-
aged basis, a desired ion energy distribution at the surface of
the substrate 810.

Referring briefly to FIG. 9A for example, shown is a peri-
odic voltage function with a frequency of about 400 kHz that
is modulated by a sinusoidal modulating function of about 5
kHz over multiple cycles of the periodic voltage function.
FIG. 9B is an exploded view of the portion of the periodic
voltage function that is circled in FIG. 9A, and FIG. 9C
depicts the resulting distribution of ion energies, on a time-
averaged basis, that results from the sinusoidal modulation of
the periodic voltage function. And FIG. 9D depicts actual,
direct, ion energy measurements made in a plasma of a result-
ant, time-averaged, IEDF when a periodic voltage function is
modulated by a sinusoidal modulating function. As discussed
further herein, achieving a desired ion energy distribution, on
a time-averaged basis, may be achieved by simply changing
the modulating function that is applied to the periodic volt-
age.
Referring to FIGS. 10A and 10B as another example, a 400
kHz periodic voltage function is modulated by a sawtooth
modulating function of approximately 5 kHz to arrive at the
distribution of ion energies depicted in FIG. 10C on a time-
averaged basis. As depicted, the periodic voltage function
utilized in connection with FIG. 10 is the same as in FIG. 9,
except that the periodic voltage function in FIG. 10 is modu-
lated by a sawtooth function instead of a sinusoidal function.

It should be recognized that the ion energy distribution
functions depicted in FIGS. 9C and 10C do not represent an
instantaneous distribution of ion energies at the surface of the
substrate 810, but instead represent the time average of the ion
energies. With reference to FIG. 9C, for example, at a par-
ticular instant in time, the distribution of ion energies will be
a subset of the depicted distribution of ion energies that exist
over the course of a full cycle of the modulating function.

It should also be recognized that the modulating function
need not be a fixed function nor need it be a fixed frequency.
In some instances for example, it may be desirable to modu-
late the periodic voltage function with one or more cycles of
a particular modulating function to effectuate a particular,
time-averaged ion energy distribution, and then modulate the
periodic voltage function with one or more cycles of another
modulating function to effectuate another, time-averaged ion
energy distribution. Such changes to the modulating function
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(which modulates the periodic voltage function) may be ben-
eficial in many instances. For example, if a particular distri-
bution of ion energies is needed to etch a particular geometric
construct orto etch through a particular material, a first modu-
lating function may be used, and then another modulating
function may subsequently be used to effectuate a different
etch geometry or to etch through another material.

Similarly, the periodic voltage function (e.g., the 400 kHz
components in FIGS. 9A, 9B, 10A, and 10B and Vout in FIG.
4) need not be rigidly fixed (e.g., the shape and frequency of
the periodic voltage function may vary), but generally its
frequency is established by the transit time of ions within the
chamber so that ions in the chamber are affected by the
voltage that is applied to the substrate 810.

Referring back to FIG. 8, the controller 812 provides drive-
control signals 832', 832" to the switch-mode supply 806 so
that the switch-mode supply 806 generates a periodic voltage
function. The switch mode supply 806 may be realized by the
components depicted in FIG. 3 (e.g., to create a periodic
voltage function depicted in FIG. 4), but it is certainly con-
templated that other switching architectures may be utilized.

In general, the ion energy control component 820 functions
to apply a modulating function to the periodic voltage func-
tion (that is generated by the controller 812 in connection with
the switch mode power supply 806). As shown in FIG. 8, the
ion energy control component 820 includes a modulation
controller 840 that is in communication with a custom IEDF
portion 850, an IEDF function memory 848, a user interface
846, and a power component 844. It should be recognized that
the depiction of these components is intended to convey func-
tional components, which in reality, may be eftectuated by
common or disparate components.

The modulation controller 840 in this embodiment gener-
ally controls the power component 844 (and hence its output
834) based upon data that defines a modulation function, and
the power component 844 generates the modulation function
834 (based upon a control signal 842 from the modulation
controller 840) that is applied to the periodic voltage function
that is generated by the switch-mode supply 806. The user
interface 846 in this embodiment is configured to enable a
user to select a predefined IEDF function that is stored in the
IEDF function memory 848, or in connection with the custom
IEDF component 850, define a custom [EDF

In many implementations, the power component 844
includes a DC power supply (e.g., a DC switch mode power
supply or a linear amplifier), which applies the modulating
function (e.g. a varying DC voltage) to the switch mode
power supply (e.g., to Vbus of the switch mode power supply
depicted in FIG. 3). In these implementations, the modulation
controller 840 controls the voltage level that is output by the
power component 844 so that the power component 844
applies a voltage that conforms to the modulating function.

In some implementations, the IEDF function memory 848
includes a plurality of data sets that correspond to each of a
plurality of IEDF distribution functions, and the user inter-
face 846 enables a user to select a desired IEDF function.
Referring to FIG. 11 for example, shown in the right column
are exemplary IEDF functions that may be available for a user
to select. And the left column depicts the associated modu-
lating function that the modulation controller 840 in connec-
tion with the power component 844 would apply to the peri-
odic voltage function to effectuate the corresponding IEDF
function. It should be recognized that the IEDF functions
depicted in FIG. 11 are only exemplary and that other IEDF
functions may be available for selection.

The custom IEDF component 850 generally functions to
enable auser, via the user interface 846, to define a desired ion
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energy distribution function. In some implementations for
example, the custom IEDF component 850 enables a user to
establish values for particular parameters that define a distri-
bution of ion energies.

For example, the custom IEDF component 850 may enable
IEDF functions to be defined in terms of a relative level of flux
(e.g., in terms of a percentage of flux) at a high-level (IF-
high), a mid-level (IF-mid), and a low level (IF-low) in con-
nection with a function(s) that defines the IEDF between
these energy levels. In many instances, only IF-high, IF-low,
and the IEDF function between these levels is sufficient to
define an IEDF function. As a specific example, a user may
request 1200 eV at a 20% contribution level (contribution to
the overall IEDF), 700 eV at a 30% contribution level with a
sinusoid IEDF between these two levels.

It is also contemplated that the custom IEDF portion 850
may enable a user to populate a table with a listing of one or
more (e.g., multiple) energy levels and the corresponding
percentage contribution of each energy level to the IEDF. And
in yet alternative embodiments, it is contemplated that the
custom [EDF component 850 in connection with the user
interface 846 enables a user to graphically generate a desired
IEDF by presenting the user with a graphical tool that enables
a user to draw a desired IEDF.

In addition, it is also contemplated that the IEDF function
memory 848 and the custom IEDF component 850 may inter-
operate to enable a user to select a predefined IEDF function
and then alter the predefined IEDF function so as to produce
a custom IEDF function that is derived from the predefined
IEDF function.

Once an IEDF function is defined, the modulation control-
ler 840 translates data that defines the desired IEDF function
into a control signal 842, which controls the power compo-
nent 844 so that the power component 844 effectuates the
modulation function that corresponds to the desired IEDF.
For example, the control signal 842 controls the power com-
ponent 844 so that the power component 844 outputs a volt-
age that is defined by the modulating function.

Referring next to FIG. 12, it is ablock diagram depicting an
embodiment in which an ion current compensation compo-
nent 1260 compensates for ion current in the plasma chamber
1204. Applicants have found that, at higher energy levels,
higher levels of ion current within the chamber affect the
voltage at the surface of the substrate, and as a consequence,
the ion energy distribution is also affected. Referring briefly
to FIGS. 15A-15C for example, shown are voltage wave-
forms as they appear at the surface of the substrate 1210 or
wafer and their relationship to IEDF.

More specifically, FIG. 15A depicts a periodic voltage
function at the surface of the substrate 1210 when ion current
1; is equal to compensation current Ic; FIG. 15B depicts the
voltage waveform at the surface of the substrate 1210 when
ion current I, is greater than the compensation current Ic; and
FIG. 15C depicts the voltage waveform at the surface of the
substrate when ion current is less than the compensation
current Ic.

As depicted in FIG. 15A, when [ =lc a spread of ion ener-
gies 1470 is relatively narrow as compared to a uniform
spread 1472 of ion energies when I >Ic as depicted in FIG.
15B or a uniform spread 1474 of ion energies when I,<Ic as
depicted in FIG. 15C. Thus, the ion current compensation
component 1260 enables a narrow spread of ion energies
when the ion current is high (e.g., by compensating for effects
of'ion current), and it also enables a width of the spread 1572,
1574 of uniform ion energy to be controlled (e.g., when it is
desirable to have a spread of ion energies).
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As depicted in FIG. 15B, without ion current compensation
(when I>Ic) the voltage at the surface of the substrate,
between the positive portions of the periodic voltage function,
becomes less negative in a ramp-like manner, which produces
a broader spread 1572 of ion energies. Similarly, when ion
current compensation is utilized to increase a level of com-
pensation current to a level that exceeds the ion current (I,<Ic)
as depicted in FIG. 15C, the voltage at the surface of the
substrate becomes more negative in a ramp-like manner
between the positive portions of the periodic voltage function,
and a broader spread 1574 of uniform ion energies is pro-
duced.

Referring back to FIG. 12, the ion compensation compo-
nent 1260 may be realized as a separate accessory that may
optionally be added to the switch mode power supply 1206
and controller 1212. In other embodiments, (e.g., as depicted
in FIG. 13) the ion current compensation component 1260
may share a common housing 1366 with other components
described herein (e.g., the switch-mode power supply 106,
206, 806, 1206 and ion energy control 220, 820 components).

As depicted in FIG. 13, shown is an exemplary ion current
compensation component 1360 that includes a current source
1364 coupled to an output 1336 of a switch mode supply and
a current controller 1362 that is coupled to both the current
source 1364 and the output 1336. Also depicted in FIG. 13 is
a plasma chamber 1304, and within the plasma chamber are
capacitive elements C,, C,, and ion current I,. As depicted, C,
represents the inherent capacitance of components associated
with the chamber 1304, which may include insulation, the
substrate, substrate support, and an echuck, and C, represents
sheath capacitance and stray capacitances.

It should be noted that because C, in this embodiment is an
inherent capacitance of components associated with the
chamber 1304, it is not an accessible capacitance that is added
to gain control of processing. For example, some prior art
approaches that utilize a linear amplifier couple bias power to
the substrate with a blocking capacitor, and then utilize a
monitored voltage across the blocking capacitor as feedback
to control their linear amplifier. Although a capacitor could
couple a switch mode power supply to a substrate support in
many of the embodiments disclosed herein, it is unnecessary
to do so because feedback control using a blocking capacitor
is not required in several embodiments of the present inven-
tion.

While referring to FIG. 13, simultaneous reference is made
to FIG. 14, which is a graph depicting an exemplary voltage at
Vo depicted in FIG. 13. In operation, the current controller
1362 monitors the voltage at Vo, and ion current is calculated
over an interval t (depicted in FIG. 14) as:

Because C, is substantially constant for a given tool and is
measureable, only Vo needs to be monitored to enable ongo-
ing control of compensation current. As discussed above, to
obtain a more mono-energetic distribution of ion energy (e.g.,
as depicted in FIG. 15A) the current controller controls the
current source 1364 so that Ic is substantially the same as 1.
In this way, a narrow spread of ion energies may be main-
tained even when the ion current reaches a level that affects
the voltage at the surface of the substrate. And in addition, if
desired, the spread of the ion energy may be controlled as
depicted in FIGS. 15B and 15C so that additional ion energies
are realized at the surface of the substrate.
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Also depicted in FIG. 13 is a feedback line 1370, which
may be utilized in connection with controlling an ion energy
distribution. For example, the value of AV depicted in FIG.
14, is indicative of instantaneous ion energy and may be used
in many embodiments as part of a feedback control loop.

Referring next to FIG. 16, shown is an exemplary embodi-
ment of a current source 1664, which may be implemented to
realize the current source 1364 described with reference to
FIG. 13. In this embodiment, a controllable negative DC
voltage source, in connection with a series inductor [.2, func-
tion as a current source, but one of ordinary skill in the art will
appreciate, in light of this specification, that a current source
may be realized by other components and/or configurations.

Referring next to FIGS. 17A and 17B, shown are block
diagrams depicting other embodiments of the present inven-
tion. As shown, the substrate support 1708 in these embodi-
ments includes an electrostatic chuck 1782, and an electro-
static chuck supply 1780 is utilized to apply power to the
electrostatic chuck 1782. In some variations, as depicted in
FIG. 17 A, the electrostatic chuck supply 1780 is positioned to
apply power directly to the substrate support 1708, and in
other variations, the electrostatic chuck supply 1780 is posi-
tioned to apply power in connection with the switch mode
power supply. It should be noted that serial chucking can be
carried by either a separate supply or by use of the controller
to effect a net DC chucking function. In this DC-coupled
(e.g., no blocking capacitor), series chucking function, the
undesired interference with other RF sources can be mini-
mized.

Shown in FIG. 18 is a block diagram depicting yet another
embodiment of the present invention in which a plasma power
supply 1884 that generally functions to generate plasma den-
sity is also configured to drive the substrate support 1808
alongside the switch mode power supply 1806 and electro-
static chuck supply 1880. In this implementation, each of the
plasma power supply 1884, the electrostatic chuck supply
1880, and the switch mode power supply 1806 may reside in
separate assemblies, or two or more of the supplies 1806,
1880, 1884 may be architected to reside in the same physical
assembly. Beneficially, the embodiment depicted in FIG. 18
enables a top electrode 1886 (e.g., shower head) to be elec-
trically grounded so as to obtain electrical symmetry and
reduced level of damage due to fewer arcing events.

Referring to FIG. 19, shown is a block diagram depicting
still another embodiment of the present invention. As
depicted, the switch mode power supply 1906 in this embodi-
ment is configured to apply power to the substrate support and
the chamber 1904 so as to both bias the substrate and ignite
(and sustain) the plasma without the need for an additional
plasma power supply (e.g., without the plasma power supply
102, 202, 1202, 1702, 1884). For example, the switch-mode
power supply 1806 may be operated at a duty cycle that is
sufficient to ignite and sustain the plasma while providing a
bias to the substrate support.

Referring next to FIG. 20, it is a block diagram depicting
input parameters and control outputs of a control portion that
may be utilized in connection with the embodiments
described with reference to FIGS. 1-19. The depiction of the
control portion is intended to provide a simplified depiction of
exemplary control inputs and outputs that may be utilized in
connection with the embodiments discussed herein—it is not
intended to a be hardware diagram. In actual implementation,
the depicted control portion may be distributed among several
discrete components that may be realized by hardware, soft-
ware, firmware, or a combination thereof.

With reference to the embodiments previously discussed
herein, the controller depicted in FIG. 20 may provide the
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functionality of one or more of the controller 112 described
with reference to FIG. 1; the controller 212 and ion energy
control 220 components described with reference to FIG. 2;
the controller 812 and ion energy control portion 820
described with reference to FIG. 8; the ion compensation
component 1260 described with reference to FIG. 12; the
current controller 1362 described with reference to FIG. 13;
the Icc control depicted in FIG. 16, controllers 1712A,1712B
depicted in FIGS. 17A and 17B, respectively; and controllers
1812, 1912 depicted in FIGS. 18 and 19, respectively.

As shown, the parameters that may be utilized as inputs to
the control portion include dVo/dt and AV, which are
described in more detail with reference to FIGS.13 and 14. As
discussed, dVo/dt may be utilized to in connection with an
ion-energy-distribution-spread input AE to provide a control
signal Icc, which controls a width of the ion energy distribu-
tion spread as described with reference to FIGS. 12, 13, 14,
15A-C, and FIG. 16. In addition, an ion energy control input
(Ei) in connection with optional feedback AV may be utilized
to generate an ion energy control signal (e.g., that affects
Vbus depicted in FIG. 3) to effectuate a desired ion energy
distribution as described in more detail with reference to
FIGS. 1-11. And another parameter that may be utilized in
connection with many e-chucking embodiments is a DC oft-
set input, which provides electrostatic force to hold the wafer
to the chuck for efficient thermal control.

In conclusion, the present invention provides, among other
things, a method and apparatus for selectively generating
desired ion energies using a switch-mode power. Those
skilled in the art can readily recognize that numerous varia-
tions and substitutions may be made in the invention, its use,
and its configuration to achieve substantially the same results
as achieved by the embodiments described herein. Accord-
ingly, there is no intention to limit the invention to the dis-
closed exemplary forms. Many variations, modifications, and
alternative constructions fall within the scope and spirit of the
disclosed invention.

What is claimed is:

1. A method for plasma-based processing, comprising:

placing a substrate in a substrate support inside of a plasma

chamber;

forming a plasma in the plasma chamber;

generating a periodic voltage function at a surface the

substrate inside the plasma chamber, each cycle of the
periodic voltage function at the surface of the substrate
including a positive pulse peak followed by a constant
negative voltage, a magnitude of the constant negative
voltage is constant within each cycle of the periodic
voltage function, and the constant negative voltage
results in a monoenergetic distribution of ion energy at
the surface of the substrate; wherein generating the peri-
odic voltage function at the surface the substrate
includes:
producing a positive DC voltage outside of the plasma
chamber with a DC voltage source, a magnitude of the
DC voltage defines a magnitude of the constant nega-
tive voltage at the surface of the substrate and estab-
lishes an energy level of the monoenergetic distribu-
tion of ion energy at the surface of the substrate;
coupling the positive DC voltage to the substrate support
to apply a positive voltage pulse peak to the substrate
support that effectuates the positive pulse peak at the
surface of the substrate, a magnitude of the positive
DC voltage is unvarying while the positive DC volt-
age is coupled to the substrate support;
decoupling the positive DC voltage from the substrate
support and coupling a ground potential to the sub-
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strate support after the positive DC voltage is
decoupled from the substrate support, wherein the
application of the ground potential effectuates a drop
in a voltage of the substrate support to a first-lower-
level and effectuates a drop in the positive pulse peak
at the surface of the substrate to the constant negative
voltage at the surface of the substrate;
decoupling the ground potential from the substrate sup-
port while maintaining the positive DC voltage
decoupled from the substrate support; and
providing, while the ground potential and the positive
DC voltage are decoupled from the substrate support,
an uninterrupted compensation current, which is fixed
in magnitude, to the substrate support with a current
source that is separate from the DC voltage source to
ramp down the voltage of the substrate support from
the first-lower-level to a second-negative-lower-level,
wherein the ramp down of the voltage at the substrate
support maintains the constant negative voltage at the
surface of the substrate, and the constant negative
voltage at the surface of the substrate effectuates the
monoenergetic distribution of ion energy at the sur-
face of the substrate.
2. The method of claim 1 including:
monitoring a rate of change of the ramp down of the voltage
that is applied to the substrate support to obtain a mea-
sure of current of ions at the surface of the substrate; and

controlling, based upon the current of the ions, the com-
pensation current output from the current source, while
the ground potential and the DC voltage are decoupled
from the substrate support, to maintain the monoener-
getic distribution of ion energy.

3. The method of claim 2, wherein coupling and decou-
pling the DC voltage includes coupling and decoupling the
DC voltage with a first field effect transistor and coupling and
decoupling the ground potential includes coupling and
decoupling the ground potential with a second field effect
transistor.

4. The method of claim 1 including:

modulating, over multiple cycles of the periodic voltage

function, a magnitude of the constant negative voltage
with a modulating function to effectuate a particular ion
energy distribution at the surface of the substrate on a
time-averaged basis;

wherein the modulating includes:

fixing a magnitude of the DC voltage within each cycle
of the periodic voltage function; and

adjusting a magnitude of the DC voltage of the periodic
voltage from cycle to cycle based upon the modulat-
ing function.

5. A method for plasma-based processing, comprising:

placing a substrate in a substrate support inside of a plasma

chamber;

forming a plasma in the plasma chamber;

producing a positive DC voltage outside of the plasma

chamber with a DC power supply;

connecting, by closing a first switch, the positive DC volt-

age to the substrate support to effectuate a positive pulse
peak at the surface of the substrate, wherein the positive
DC voltage connected to the substrate support charges
an inherent capacitance C1 of components, including
the substrate support, associated with the plasma cham-
ber, a magnitude of the positive DC voltage is unvarying
while the positive DC voltage is connected to the sub-
strate support;

disconnecting, by opening the first switch, the positive DC

voltage from the substrate support and connecting, by
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closing a second switch, a ground potential to the sub-
strate support, wherein the application of the ground
potential to the substrate support effectuates a negative
voltage at a surface of the substrate that prompts ion
current of positive ions in the plasma toward the surface
of the substrate;

disconnecting, by opening the second switch, the ground
potential from the substrate support;

maintaining both the first and second switches open for a
period of time t,

providing with a current source, while the first and second
switches are open, an uninterrupted compensation cur-
rent, which is fixed in magnitude, to the substrate to
create a ramp down of the voltage of the substrate sup-
port during the period of time t, wherein the ramp down
of the voltage at the substrate support compensates for a
tendency of the ion current to change the voltage at the
surface of the substrate in order to maintain the negative
voltage at the surface of the substrate at a constant nega-
tive voltage, wherein the constant negative voltage at the
surface of the substrate effectuates a monoenergetic dis-
tribution of ion energy at the surface of the substrate.

6. The method of claim 5, including:

monitoring a rate of change of the ramp down of the voltage
that is applied to the substrate support to obtain a mea-
sure of the ion current at the surface of the substrate; and

controlling, based upon the ion current, the compensation
current output from the current source to maintain a
slope of the ramp down of voltage and the monoener-
getic distribution of ion energy.

7. A method for plasma-based processing, comprising:

placing a substrate in a substrate support inside of a plasma
chamber;

forming a plasma in the plasma chamber;

receiving an ion-energy setting for a desired ion energy at
a surface of the substrate;

producing a positive DC voltage outside of the plasma
chamber that has a magnitude that is determined by the
ion-energy setting;

connecting, by closing a first switch, the positive DC volt-
age to the substrate support to effectuate a positive pulse
peak at the surface of the substrate, a magnitude of the
positive DC voltage is unvarying while the positive DC
voltage is connected to the substrate support;

disconnecting, by opening the first switch, the positive DC
voltage from the substrate support and connecting, by
closing a second switch, a ground potential to the sub-
strate support, wherein the application of the ground
potential to the substrate support effectuates a negative
voltage at a surface of the substrate that prompts ion
current of positive ions in the plasma toward the surface
of the substrate;

disconnecting, by opening the second switch, the ground
potential from the substrate support;

maintaining both the first and second switches open for a
period of time t,

providing with a current source, while the first and second
switches are open, an uninterrupted compensation cur-
rent, which is fixed in magnitude, to the substrate sup-
port to create a ramp down of the voltage of the substrate
support during the period of time t, wherein the ramp
down of the voltage at the substrate support compensates
for atendency of the ion current to change the voltage at
the surface of the substrate in order to maintain the
negative voltage at the surface of the substrate at a con-
stant negative voltage, wherein the constant negative
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voltage at the surface of the substrate effectuates the
desired ion energy at the surface of the substrate.

8. The method of claim 7, including:

monitoring a rate of change of the ramp down of the voltage
that is applied to the substrate support to obtain a mea-
sure of the ion current at the surface of the substrate; and

controlling, based upon the ion current, the compensation
current output from the current source to maintain a
slope of the ramp down of voltage and the desired ion
energy.

9. The method of claim 8 including:

controlling, based upon the ion current, the compensation
current output from the current source so that the com-
pensation current is one of greater than the ion current or
less than the ion current to produce a distribution of ion
energies at the surface of the substrate.

10. The method of claim 7 including:

modulating a magnitude of the positive DC voltage with a
modulating function to effectuate a particular ion energy
distribution at the surface of the substrate on a time-
averaged basis.
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